INTRODUCTION
The use of a ventricular assist device (VAD) in patients with advanced heart failure who are ineligible for transplantation improves survival compared with optimal medical therapy, by about twofold at 1 year and about threefold at 2 years. 1 Clinical morbidity with VADs has, however, tempered general enthusiasm; the rate of serious adverse events is a little more than twice that for medical therapy. 1 Paramount among risks is that of VAD-associated thromboembolic events, which has remained at 30-50% despite the evolution of device technology and anticoagulation and antiplatelet strategies. 2, 3 Standard clinical assessment is not useful in predicting thromboembolic risk and new approaches are needed.
Aspirin hyporesponsiveness is the failure of aspirin to adequately inhibit platelet function and activation, 4 and is assessed by measurement of platelet aggregation, platelet membrane receptor expression and platelet-release products. 5 Mechanisms accounting for aspirin hyporesponsiveness involve a combination of clinical (e.g. nonadherence, 6 drug interactions 7, 8 and smoking 9 ), genetic [10] [11] [12] and biological effects on platelet function. 13, 14 This state has been documented in healthy individuals 15 and in patients with peripheral vascular disease, 16 cerebrovascular disease, 17 and cardiac disease, 18, 19 and has been associated with an increased risk of future vascular atherothrombotic events, such as acute coronary syndromes and cerebrovascular accidents. 20 Coagulation and platelet activation indices are also increased in patients with endstage systolic heart failure and VADs, despite daily aspirin therapy. 21, 22 The predictive value of aspirin hyporesponsiveness and associated markers of coagulation and impaired fibrinolysis for future clinical thromboembolic events in patients with VADs remains insufficiently understood. Thus, we assessed the prevalence and clinical relevance of aspirin hyporesponsiveness before and after VAD implantation and examined the role of coagulation factor prothrombin activation fragment 1.2 (F1.2), which
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Background Long-term success in ventricular assist device (VAD) recipients is limited by thromboembolic events, the prediction of which remains elusive. We evaluated the predictive value of aspirin hyporesponsiveness and markers of coagulation and fibrinolysis.
is a sensitive marker of in vivo thrombin production, and plasminogen activator inhibitor-1 (PAI-1), a marker of impaired fibrinolysis, in the prediction of thromoembolic events.
METHODS
We obtained ethics approval from the Institutional Review Board of the University of Maryland School of Medicine, Baltimore, MD, USA.
Study design and patient population
Consecutive patients scheduled to undergo VAD implantation between June 2004 and March 2006 were prospectively enrolled into this observational study. Inclusion criteria were being a patient at or being transferred to the study hospital for VAD implantation, age 18 years or older and endstage systolic heart failure. The only exclusion criterion was inability to provide informed consent. Follow-up was planned until patients underwent heart transplantation or died, or until the database closed. Patients were followed up daily while in hospital, and after discharge they attended weekly follow-up visits at the study center clinic.
Implantation protocol for ventricular assist devices
VAD implantation was performed via standard median sternotomy or left thoracotomy, with cardiopulmonary bypass support. Kaolin-based activated clotting time and heparin-protamine titration cartridges (HMS®, Medtronic Inc., Minneapolis, MN) were used to guide heparin dosing to achieve an activated clotting time of more than 480 s and a heparin dose of more than 2.8 IU/ml. Full-dose aprotinin was administered intraoperatively in all patients. Blood flow within pulsatile VADs (Novacor®, Novacor Medical Corp., Oakland, CA; HEARTMATE® and HEARTMATE II®, Thoratec Corp., Pleasanton, CA; and Thoratec®, Thoratec Laboratories Corp., Berkeley, CA) was recorded every 4 h until hospital discharge, at every outpatient follow-up visit and every 4 h during any subsequent inpatient visits. Patients who were implanted with nonpulsatile VADs received either a Jarvik 2000® (Robert Jarvik, New York, NY) or Ventracor® (Ventracor Ltd, Chatswood, New South Wales, Australia) device.
Antiplatelet therapy
All patients were already taking or started to receive 325 mg (coated or uncoated) oral aspirin at least 7 days before VAD implantation. Antiplatelet agents other than aspirin were discontinued at www.nature.com/clinicalpractice/cardio least 3 days before surgery. Aspirin therapy was restarted after surgery as soon as oral treatment was feasible and continued daily thereafter. Daily aspirin administration during the stay in hospital was confirmed by patients' self-reporting, reports from nursing personnel and reviews of daily pharmacy records. After discharge adherence to daily aspirin was assessed at each weekly visit by verbal self-reporting from patients.
Assays of platelet function
Blood samples for platelet testing were obtained before VAD implantation (baseline), immediately after surgery when patients had received postoperative protamine, daily at 0600 h during patients' hospital stay, and weekly after discharge during routine follow-up visits to the clinic. We used a Whole-Blood Aggregometer® (Chrono-Log Corp., Haverton, PA), which measures collagen values, to assess platelet aggregation, according to previously described methods. [23] [24] [25] Briefly, platelet aggregation was stimulated with the addition of 1 μg/ml and 5 μg/ml collagen, and platelet aggregability was expressed as the change in electrical impedance. We recorded aggregation curves for 6 min and analyzed the results with Aggrolink software. 26 The reported mean coefficient of variability (imprecision value) for whole-blood aggregometry is 9% and, therefore, we used this value as the reference in the current investigation. 24 We defined aspirin hyporesponsiveness in this test as at least 50% platelet response according to the following formula (Equation 1): 25 %Ω low/high = (Ω1 μg/ml collagen/Ω5 μg/ ml collagen) × 100
We used the Thromboelastograph Coagulation Analyzer 5000 (TEG®, Huron Acquisition Corp., Skokie, IL) as a second measure of hemostasis from the initiation of coagulation to the initial fibrin assembly, the rate of increase in clot rigidity, and the eventual clot lysis. 27 In this study, platelet function was defined by the maximum amplitude of the thromboelastography trace. The reported mean coefficient of variability for this assay is 5%, 28 and we used this value as a reference. We defined aspirin hyporeponsiveness in this test as at least 50% platelet response to arachidonic acid according to the following normalized formula (Equation 2): 25
where MA is maximum amplitude, AA is with arachidonic acid, 0 is without arachidonic acid, and Thr is with standard thrombin-mediated platelet activation.
Assays of coagulation and fibrinolytic activity
Blood samples for testing were obtained at the same times as those for platelet function tests. Citrated blood samples (5 ml) were analyzed by a series of coagulation assays, including tests for platelet count by routine chemistry and measurement of levels of fibrinogen, F1.2 and PAI-1 by enzyme-linked immunosorbent assays (F1.2 by Enzygnost® F1.2 Micro, DadeBehring, Marberg, Germany, and PAI-1 by Molecular Innovations, Southfield, MI). The coefficients of variability for F1.2 and PAI-1 have been reported as 8% 29 and 9%, 30 respectively, and we used these values as references for the present investigation. We set a twofold or greater 31 The normal range for PAI-1 concentrations is 5-7 ng/ml and, therefore, we defined a PAI-1 level higher than 7 ng/ml as abnormal.
Detection of thromboembolic events
Before surgery all patients completed a symptom assessment questionnaire and underwent a thorough physical examination, including a neurological assessment, MMSE® mini-mental state examination, and neurocognitive testing with Weschler Adult Intelligence Scale® III, the California Verbal Learning Test® II, the Visual Naming Test, the Controlled Oral Word Association Test, the oral and reading comprehension subsets of the Multilingual Aphasia Examination, Beck Depression Inventory® II, and the NIH Stroke Scale assessment. In addition, all patients underwent head CT. During the hospital stay after surgery, all patients were followed up according to a structured daily assessment protocol, which continued until discharge. Immediately after surgery and at discharge, all patients were asked to take the MMSE® again. Stringent symptom assessment and complete physical examinations were performed daily for all patients. Patients underwent a head CT scan if they developed any neurological symptoms or there were any indications of a transient ischemic attack or cerebrovascular accident. Neurological consultation was obtained to confirm a diagnosis of any neurological events. Additional appropriate laboratory tests and imaging studies were done if any other clinical thromboembolic events were suspected.
Patients were screened for subclinical stroke by head CT every 3 months for the duration of follow-up. If patients were readmitted to the study hospital for any cause, the same structured daily assessment protocol used during the initial stay was followed. During follow-up clinic visits, patients were systematically assessed for symptoms of thromboembolism, and any other concerns or complications related to their devices were noted and investigated.
We defined thromboembolic events as any new transient or permanent neurological event, including transient ischemic attacks or cerebrovascular accidents, any peripheral arterial occlusion diagnosed clinically and/or supported by laboratory data, arteriography, or CT imaging, and any new thromboembolism to the coronary circulation resulting in a myocardial infarction. Transient ischemic attacks were defined as a transient focal loss of neurological function resulting from brain ischemia lasting less than 24 h, with a head CT scan negative for cerebrovascular accident. 32 A cerebrovascular accident was defined as a focal loss of neurological function resulting from brain ischemia lasting longer than 24 h with infarction in the area consistent with the new clinical deficit on brain imaging. 32 We defined myocardial infarction according to previously established criteria. 33 We used repeated-measures analysis of variance to examine changes over time. Biochemical data obtained before thromboembolic events were examined by comparing values before and after surgery with those obtained on the day of the event and average levels 2 days before and after the event. Kaplan-Meier analyses were conducted to examine trajectories of event rates during follow-up, with all remaining patients censored at 500 days. Statistical power analysis was based in an a priori anticipated event rate of 30%, and we calculated that enrollment of 26 patients would enable detection of a difference in biochemistry measures of 1.25 SD (effect size V/σ 2 = 0.36) at α = 0.05 with a power of 80%, which is equivalent to a difference in whole-blood aggregometry of 38% based on the data distribution in this study. The threshold for statistical significance was set at P = 0.05.
RESULTS

Patient characteristics
We enrolled 26 patients into the study. Baseline patient characteristics are presented in Table 1 . Two (8%) patients were receiving clopidogrel at baseline, which was discontinued at least 3 days before VAD implantation. Pulsatile VADs were implanted into 18 patients and eight received nonpulsative devices (Table 2) . No patients dropped out. The database was closed on 30 June 2006, allowing a maximum follow-up of 4 years; median follow-up was 316 days (mean 345 ± 270, range 9-833, interquartile range 70-626 days).
Clinical outcomes
VAD insertion was well tolerated for at least the first week after surgery. Clinical outcomes are presented in Table 3 . Discharge in a stable condition was achieved in 20 (77%) patients; the remaining 6 (23%) died during the initial hospital stay. Follow-up was complete for 25 (96%) of 26 patients; one patient was lost to follow-up after discharge at 21 days. A total of 14 thromboembolic events were observed in eight (31%) patients during follow-up, at a median of 42 days (interquartile range 26-131). At completion of follow-up 12 (46%) patients had died.
Prevalence of aspirin hyporesponsiveness
A total of 1,333 blood samples (mean 51 ± 30 samples per patient, range 9-119) were assayed from 26 patients from baseline and over the duration of follow-up. Aspirin hyporesponsiveness before VAD placement was documented in 14 (54%) of 26 patients (one sample per patient) based on whole-blood aggregometry, in 11 (42%) of 26 based on thromboelastography, and in 9 (35%) of 26 based on both assays. Aspirin administration was restarted within 6 h of surgery in all cases. We identified aspirin hyporesponsiveness in 25 (96%) patients, at some point during follow-up, on whole-blood aggregometry, in 341 of 656 samples tested (mean 52% ± 50%; within-patient range 0-100% of days positive for hyporesponsiveness). Estimated aspirin hyporesponsiveness rates were lower for thromboelastography, with 77% of patients having positive results at some point during follow-up in 10% (± 29%) of all assays (within-patient range 0-36% of days positive for hyporesponsiveness).
Aspirin hyporesponsiveness as a mechanism for thromboembolic events
Compared with patients without thromboembolic events (n = 18) patients with thromboembolic events (n = 8) did not have raised platelet aggregation after VAD implantation, when tested by whole-blood aggregometry or thromboelastography, or assessed according to number of days with aspirin hyporesponsiveness (Table 4 ). In patients with thromboembolism, although the events were preceded by increased values on whole-blood aggregometry and thromboelastography, indicating aspirin hyporesponsiveness, none of these was significant ( Figure 1 and Table 5 ). After implantation, in patients with thromboembolic events, a mean of 55% (± 14%) of whole-blood aggregometry values per patient indicated aspirin hyporesponsiveness (within-patient range 35-82% of days), which was similar to the corresponding values in patients without thromboembolic events (51% ± 22%, within-patient range 0-100%; P = 0.62). Thromboelastography revealed that in patients with thromboembolic events a mean of 5% (± 6%) of values showed aspirin hyporesponsiveness (within-patient range 0-18% of days), whereas in patients without thromboembolic events, 10% (± 10%) of values indicated hyporeponsiveness (within-patient range 0-37% of days; P = 0.23). Only 6 (43%) of 14 thromboembolic events coincided with aspirin hyporesponsiveness indicated by whole-blood aggregometry (Figure 2) , and only one (7%) when hyporesponsiveness was indicated by thromboelastography. The withinpatient variability for whole-blood aggregometry among those who had thromboembolic events was substantial and even greater for thromboelastography (data not shown). www.nature.com/clinicalpractice/cardio of variation for the two assays were high at 59% for whole-blood aggregometry and 567% for thromboelastography. Thus, no significant association existed between the presence of aspirin hyporesponsiveness and occurrence of thromboembolic events. Withdrawal of anticoagulation and antiplatelet therapy during episodes of major bleeding was not significantly associated with thromboembolic events.
Markers of coagulation and impaired fibrinolysis
VAD implantation in all patients was associated with significant rises in concentrations of F1.2 (P = 0.0001) and PAI-1 (P <0.0001). F1.2 levels returned to baseline within 3 days of VAD placement, whereas PAI-1 levels remained elevated up to 45 days after implantation (P <0.0001), but had returned to baseline values by day 46 (P = 0.21). Among the eight patients who experienced thromboloic events, eight (57%) of 14 events occurred in six (75%) patients in the first 45 days after VAD placement (Figure 3) . Levels of PAI-1 at the time of thromboembolic event were significantly higher than before surgery (mean change 4.13 ± 0.37 ng/ml, P = 0.0003), whereas those in patients without thromboembolic events to day 45 were significantly less (mean change 2.37 ± 0.48 ng/ml, P for difference = 0.019). PAI-1 levels at the time of the thromboembolic event or in the 2 days preceding the event were not, however, significantly different from levels immediately after surgery (P = 0.87 and P = 0.44; Table 5 ). In addition, PAI-1 levels before and after surgery were not significantly higher in patients with thromboembolic events than in those without (preoperative 6.9 ± 0.7 ng/ml versus 7.4 ± 0.6 ng/ ml, P = 0.64; postoperative 11.7 ± 1.0 ng/ml versus 12.4 ± 0.9 ng/ml, P = 0.39).
DISCUSSION
We found that biological aspirin hyporesponsiveness is common in patients with end-stage systolic heart failure before and after VAD implantation. Despite meticulous efforts to manage anticoagulation and antiplatelet therapy, thromboembolic events occurred in eight (31%) patients. Thromboembolic events were not, however, associated with aspirin hyporesponsiveness. The fibrinolytic system was adversely affected for several weeks (up to 45 days) after VAD implantation, as indicated by elevated PAI-1 levels, during which period patients seemed to be especially vulnerable to thromboembolic events.
The rates of platelet activation we observed are similar to those noted in previous studies, which have shown persistent platelet activation despite aspirin therapy in patients with end-stage systolic heart failure. Sane et al. 21 used a variety of tests, including plasma aggregometry, whole-blood aggregometry, platelet function analysis with the PFA-100® (Dade International, Deerfield, IL), and flow cytometry. According to the criterion of a positive result from four of five tests, persistent platelet activation was detected in 50 (57%) of 88 patients. Despite differing standards in defining aspirin hyporesponsiveness, therefore, this phenomenon seems common in patients with systolic heart failure.
A previous study has specifically evaluated aspirin hyporesponsiveness in patients with VADs. 22 This 6-week, prospective, observational study used platelet aggregometry weekly to assess aspirin hyporesponsiveness and demonstrated that 6 (40%) of 15 patients maintained platelet aggregation induced by arachidonic acid, despite 250 mg oral aspirin daily. Our study was notably longer, used two assays to evaluate aspirin hyporesponsiveness, and assessed measures of aspirin hyporesponsiveness daily during hospitalization and weekly after discharge. After VAD implantation substantially more of our patients than before implantation displayed aspirin hyporesponsiveness on whole-blood aggregometry at some point during postoperative follow-up (96% versus 54% in a mean of around approximately half of all assays). The within-patient coefficients of variation were, however, high irrespective of which assay was used. Previous studies in normal individuals have shown substantially lower coefficients of variance for both whole-blood aggregometry and thromboelastography, validating the precision of these tests in assessing aspirin hyporesponsiveness. 24, 28 Certain factors could account for high variability, such as sampling time and medication administration, but these were kept constant in our study. Furthermore, analysis of values obtained when patients were in hospital compared with those obtained from outpatient visits revealed no significant differences. Given these factors, the absence of any changes in aspirin hyporesponsiveness marker conentrations immediately before the thrombotic event, and the fact that and only 6 (43%) of the 14 and 1 (7%) of the 14 thromboembolic events occurred in the presence of aspirin hyporesponsiveness based on whole-blood aggregometry and thromboelastography, respectively, we believe a relation between aspirin hyporesponsiveness and thromboembolic events is unlikely. Levels of coagulation markers have been reported elsewhere as being increased in patients after VAD implantation. A study assessing coagulation and fibrinolytic pathways in patients with a HEARTMATE® VAD demonstrated that concentrations of markers of thrombin generation, specifically, thrombin-antithrombin complex and F1.2, rose until 3 days after VAD implantation. 34 Previous studies have not, however, investigated whether increased activation of coagulation markers associated with VAD implantation predisposes patients to future thrombombolic events. We found a strong association between elevated PAI-1 levels in the first 45 days after VAD implantation and thromboembolic events during the same period, without significant further elevations immediately before the event. No such association was found with F1.2, and the initial increases in concentrations of this marker were probably due to an acute-phase reaction. The ncpcardio_2008_252f3.eps hemostatic environment might, therefore, be the most important factor in thromboembolic risk, and adjustment of antiplatelet therapy based on whole-blood aggregometry and thromboelastography results might be difficult or inadequate to lower risk.
The mechanisms underlying this dynamic hemostatic milieu are speculative, but several theories are feasible. First, increased platelet turnover after VAD implantation might overcome the inhibitive effect of aspirin on synthesis of thromboxane A 2 , which would lead to aspirin hyporesponsiveness and platelet aggregation. Second, inflammation associated with VAD implantation could induce increased production of cyclo-oxygenase 2, which is less sensitive to aspirin acetylation than cyclo-oxygenase 1. Third, the sustained inflammatory reaction associated with VAD implantation may be associated with increased levels of interleukins 6 and 8, fibrinogen, von Willebrand factor, and the complement fractions (C3a and C5a) that induce platelet activation. Fourth, persistent thrombin generation after VAD implantation might trigger specific protease-activated receptor cascades, leading to platelet activation aspirin hyporesponsiveness. Finally, production of glycoprotein Ibα, coupled with von Willebrand factor, might be activated by shear stress stimuli created by the VAD and result in platelet activation and aspirin hyporesponsiveness.
One limitation of this study is the small sample size. However, compared with previous VAD trials, 1, 3, 22, 35, 36 including the REMATCH trial, which included 68 patients, 1 a sample size of 26 is small but just as adequate to document the substantial variability of aspirin hyporesponsiveness. Another potential limitation is that we tested for aspirin hyporesponsiveness only once before VAD placement, compared with daily during the hospital stay after implantation and weekly during outpatient follow-ups. Our tests also had high imprecision values; an ideal test would be exceptionally sensitive, yielding high accuracy, precision and reproducibility. We were limited, however, by the currently available tests for aspirin hyporesponsiveness. Therefore, despite finding no association in this study, aspirin hyporesponsiveness might play a part in long-term thromboembolic events in VAD patients.
We conclude that although concentrations of markers of aspirin hyporesponsiveness are elevated in patients with advanced heart failure, they are not predictive of thromboembolic events after VAD placement. We did, however, note substantial variability in concentrations of coagulation and fibrinolysis markers after VAD implantation, suggesting a dynamic hemostatic environment. In particular, PAI-1 levels were raised significantly, compared with baseline, in the first 6 weeks after surgery, which coincided with the majority of thromboembolic events. This finding suggests a period of thrombogenicity and impaired fibrinolysis that might predispose patients to serious adverse events.
KEY POINTS
■
Biological aspirin hyporesponsiveness is common in patients with end-stage systolic heart failure before and after implantation of ventricular assist devices ■ Thromboembolic events occur at a high ratenearly one-third-in patients with ventricular assist devices ■ No significant association was observed between the presence of aspirin hyporesponsiveness, based on whole-blood aggregometry and thromboelastography assays, and thromboembolic events in patients with ventricular assist devices ■ Plasminogen activator inhibitor-1 values early after ventricular assist device implantation suggest impaired fibrinolysis predisposes patients to thromboembolic events
